Time-resolved and spectroscopic in vivo measurements were performed to determine the optical properties of the female breast in transmission. The time-resolved measurements were carried out at different positions on the female breast with a Ti:sapphire laser (800 nm) using a synchroscan streak camera. A diffusion model was used to calculate the absorption coefficient A and the reduced scattering coefficient. In addition, spectroscopic in vivo measurements of more than 100 patients were performed in a wavelength range between 650 and 1000 nm. A variety of pathological alterations could be characterized by measuring patients of different ages, different breast sizes, and at varying locations on the breast. The results indicate that besides the pure detection of the amount of blood in the neovascular network, the volume concentrations of water and fat seem to be of particular importance for discrimination. In order to quantify this observation, an analytical model was developed that takes the volume percentages of fat and water, the concentration and oxygenation of hemoglobin, and the relevant optical parameters into account. Experiments were carried out with volunteers and patients in a clinical environment: Typical observations are presented and analyzed statistically.
INTRODUCTION
This review summarizes the results of previous papers concerning in vivo breast transillumination experiments. [1] [2] [3] [4] [5] In the first part, the time-resolved in vivo measurements for determining the optical properties of breast tissue are described. [1] [2] [3] In the second part, spectral in vivo measurements obtained by transilluminating the breasts of volunteers 4, 5 and patients 5 in the diagnostic window (650 to 1000 nm) are presented. Important information about the wavelength-dependent transmission characteristics of benign and malignant lesions may be obtained in this way.
The determination of the absorption and scattering properties of tissue in vivo is of great interest for the noninvasive diagnosis of organs by light. Of particular interest in this area is the transillumination of the female breast for a preventive checkup. 6, 7 Because of the potential hazards associated with x-ray exposure, harmless light-screening techniques may be an alternative to conventional x-ray mammography, or they may at least provide additional diagnostic information.
Many papers have been devoted to the determination of the optical properties of excised tissue specimens by means of extinction, absorption, and scattering angular distribution measurements. [8] [9] [10] [11] Besides these steady-state methods, time-resolved reflectance and transmittance measurements have been used for the noninvasive determination of the optical properties of tissue. 12, 13 The temporal spreading of a short light pulse in tissue due to multiple light scattering allows the optical coefficients to be determined [ Figure 1(a) ]. Because of the immense light scattering in tissue, most photons travel more than ten times the geometric distance between entering and leaving the tissue. The attenuation of multiple scattered photons thus allows the absorption and scattering properties of biological tissue to be determined quantitatively.
Very few in vivo data on the female breast 14, 15 have hitherto been available. We therefore performed time-resolved in vivo experiments on volunteers using a Ti:sapphire laser at a wavelength of 800 nm. This wavelength is well suited for this purpose because it is the isosbestic point of oxy-and deoxyhemoglobin and the transmission is very high. The optical properties are determined by fit-ting the resulting dispersion curves to solutions of the diffusion model. 12 Optical breast imaging, known as diaphanoscopy or diaphanography, is needed in clinical practice. [16] [17] [18] [19] [20] [21] [22] [23] [24] The question as to whether (pathologically) altered tissue differs from the surrounding (healthy) tissue, and whether criteria can also be found for differentiating between benign and malignant lesions is of central importance for approaches to imaging. A good contrast is produced when the optical parameters (absorption and scattering coefficients) of different types of tissue differ. It may also be due to physiological changes (tissue oxygen-saturation monitoring 25 ). Some tissues exhibit a higher metabolic rate than others (many breast cancers, for example). In order to analyze the contributions from these physiological and morphological factors, optical spectroscopy is required [ Figure 1(b) ]. The goal is to optimize the contrast by selecting the appropriate wavelengths. 4, 26, 27 Practically all previous breast-imaging systems were equipped with measuring units for at least two wavelengths (diaphanography). [16] [17] [18] [19] [20] [21] Prototype breast scanners 22, 23 which combine time resolution and wavelength separation (an approach that has been developed for other applications 24, 28 ) are already undergoing clinical trials.
In this study, therefore, healthy and diseased breasts are characterized in vivo over the whole diagnostic window. An analytical model was developed to quantify the differences in the spectra. The fitting parameters obtained are verified on the basis of ''medical plausibility factors'' and initial statistical correlations are attempted. This procedure is purely phenomenological and makes no claim to be exact. However, there is some hope that approaches to a specific diagnosis of breast carcinoma can be found by means of spectral light transillumination.
TIME-RESOLVED MEASUREMENTS

EXPERIMENTAL METHOD
The experimental setup for time-resolved light transillumination is shown schematically in Figure 2 (for details see Reference 3). The laser system for in vivo experiments consists of a mode-locked Ti: sapphire laser at a wavelength of 800 nm with a pulse width of 80 fs and a repetition frequency of 82 MHz.
Probe beam light is scattered in the female breast (which is slightly compressed between two transparent plates) and finally reaches the detection side of the synchroscan streak camera (S1 photocathode, Hamamatsu C3681) after many scattering events. This diffuse light is imaged onto the slit of the streak camera with a 1:1 magnification. The reference beam does not traverse the breast but is optically delayed and imaged on the streak camera slit to provide a temporal reference. The slit has dimensions of 50 mϫ6 mm and the numerical aperture of the camera optics is 0.22. A trigger beam synchronizes the streak camera. The temporal profile of the incident light intensity is recorded with a time resolution of about 10 ps and displayed as a spatial profile. To correct the measured dispersion curve, a precise shading correction and dark count subtraction were performed for each measurement. 
DETERMINATION OF OPTICAL PARAMETERS
The optical properties of tissue can be deduced from the temporal dispersion curve. The diffusion model was used to determine the absorption coefficient A and the reduced scattering coefficient s Јϭ s (1Ϫg) (g is the anisotropy factor of scattering). A solution of the diffusion equation for a homogeneous medium of thickness d was applied according to Patterson et al. 12 The transmittance at a radial position is given by
indicates the depth at which the incident photons are initially scattered. c stands for the speed of light within the breast.
It turned out that the diffusion model describes the light propagation in the breast fairly well as long as the reduced scattering length (reciprocal scattering coefficient) is smaller than 1/20 of the specimen thickness (i.e., as long as the angular distribution of the scattered light is isotropic). Both the reduced scattering coefficient s Ј and the absorption coefficient A can be determined by fitting the measured curve with the calculated temporal dispersion curve. 13 
IN VIVO EXPERIMENTS
For the in vivo measurements, the probe beam with a total power of 100 to 150 mW was expanded to a diameter of 10 mm to keep the power density below the maximum permissible exposure (MPE) 29 of 2 mW/mm 2 , which corresponds to the solar constant. This power density does not cause perceptible heating of the illuminated skin. A beam blocker allowed the volunteers to interrupt the probe beam during the measurements. The breast was compressed to ensure a constant thickness, but much less than in conventional mammography to avoid any influence of changed blood perfusion on the absorption properties. Measurements were carried out with volunteers aged between 25 and 43 years.
Normalized dispersion curves for three volunteers T1, T2, and T3 and the corresponding theoretical curves which were calculated according to the diffusion model [Eq. (1)] are shown in Figure 3 . For the mathematical fit, we assumed the refractive index of breast tissue to be 1.4. 30, 31 The time origin is given by the incidence of the laser pulse into the breast. The dispersion curves range over a typical period of 6 ns with a mean time of flight of more than 2 ns. Accordingly, most photons travel ten times the geometrical distance through the breast due to the strong scattering and the relatively weak absorption of the tissue. The signals T1 and T2 (dϭ45 mm) overcome the background noise after a time of flight of 510 ps, which is more than twice the minimum time-of-flight of a ballistic photon (refractive index 1.4). For dispersion curve T3 (dϭ59 mm) this time shifts to 830 ps, which is about three times longer than the minimum time of flight. The lower signal-to-noise ratio of curve T3 is due to the greater thickness of the compressed breast compared with volunteers T1 and T2.
Measurements at different positions of the breast were performed to show the influence of physiological alterations (different types of tissue, different blood volumes and oxygenation). Figure 4 shows measurements at the lateral, anteromedial, and medial position of the breast of volunteer T3. The normalized temporal dispersion curves of the lateral and medial positions agree well, whereas the curve of the anteromedial position is shifted to shorter times and shows a slower exponential decay. It is open to question whether this observation could be due to the slightly different boundary conditions of the anteromedial position. An identical breast thickness (59 mm) was chosen at the three measurement positions, but the enhanced anteromedial position near the nipple of the breast could reduce the mean time of flight. 
TIME RESOLVED AND SPECTROSCOPIC STUDIES OF THE BREAST
The corresponding optical parameters of the fit curves are summarized in Table 1 . The anteromedial position shows a lower scattering and absorption coefficient than the lateral and medial positions. This could be consistent with the above-mentioned different boundary conditions of the anteromedial position as well as with the anatomy of the female breast: the lateral and medial positions have a higher content of adipose tissue, whereas glandular tissue dominates at the anteromedial position. Consistent with our previous in vitro results 1 and with the investigations of Key et al., 8 we nevertheless assume that adipose tissue shows a greater reduced scattering coefficient than glandular tissue. This conclusion should be verified by statistically more significant measurements.
The geometric conditions of the in vivo experiments differ from the idealized condition of the diffusion model. This source of systematic errors has been minimized by positioning the probe beam in the middle of the breast near the chest wall. Moreover, the compression varies from case to case. However, the reproducibility of the maximum of the temporal dispersion curve was about 4% when the measurement was repeated at the same location after repositioning. Thus the reduced scattering coefficient s Ј can be determined with a reproducibility of about Ϯ5%. Regarding the ''geometrical boundary conditions'' of the breast, the absorption coefficient mostly had too high values because of lost photons; this effect limits measurable absorption coefficients to a Ју0.001 mm Ϫ1 . It is impossible to determine the scattering coefficient s and the anisotropy factor g independently of each other with the present experimental setup. As a consequence, the optical parameters were fitted only with respect to the reduced scattering coefficient s Јϭ s (1Ϫg) and the absorption coefficient A for all experiments. Published g values for different types of human breast tissues vary strongly. Values given by Key et al. 8 (ϭ700 nm) range from gϭ0.92 for fibroglandular tissue and 0.95 for adipose tissue to 0.88 for carcinomas, while Peters et al. 9 measured g for all types of tissue in the range of 0.945 to 0.985 and showed it to be invariant with wavelength. However, the use of these strongly varying g values is of limited value for a calculation of s .
Cheong et al. 11 gave an overview of the optical properties of biological tissues. However, the literature offers few references to the optical parameters of human breast tissue in vivo 3, [13] [14] [15] and these were determined only at fixed wavelengths. Some authors distinguish between different types of breast tissue in vitro 8, 9 although these measurements are again limited to only a few wavelengths.
SPECTROSCOPIC MEASUREMENTS
EXPERIMENTAL
The spectral experiments were conducted using a commercially available spectroradiometer (Merlin from the Oriel Company) ( Figure 5 ). The light source was a 100-W tungsten-halogen lamp with a uniformly high spectral radiation intensity inside the relevant measurement range of 550 and 1050 nm; a monochromator was fitted with a 600 lines/mm grating and a linear reciprocal dispersion of 12.8 nm/mm (at the blaze wavelength of 750 nm). All measurements were performed in transmission mode. The breast was placed onto a transparent plate and the illuminated optical fiber head (5 mm diameter) was placed directly onto the skin under slight pressure. The light intensity of about 5 mW/cm 2 on the skin was far below the maximum permissible exposure. 29 The transmitted light was detected by a 2-m long optical fiber cable coupled to a silicon photodiode. The time required for a single measurement was approximately 150 s, 50 points being measured (in 10-nm steps). The recorded intensities were divided by the input intensities I/I(0) and plotted as the decadic logarithm of the transmittance. This enables the spectral profile of the instrument to be taken into account and provides a reliable measure of the total percentage attenuation (optical density). Each spectrum was measured at a fixed location, mostly at several positions on the same breast. Transmission spectra from breasts measured in vivo vary by two to three orders of magnitude for each curve, and the curves cover an overall range of almost seven decades for the investigated thicknesses from 26 to 80 mm 5 ( Figure 6 ; three selected spectra can be seen). However, each curve showed similar spectral characteristics: (1) a decrease in transmittance by several orders of magnitude below 600 nm (blood absorption), (2) transmission minima at about 760 nm (superposition of Hb and weaker water and fat signals), and (3) more or less pronounced minima at 930 nm (fat) and 975 nm (water) with different peak relationships that contain specific information about the tissue composition (see Sec. 3.3).
ANALYTICAL MODELING
An attempt was made 5 to obtain an analytical fit of the in vivo breast spectra by making use of highly simplifying assumptions: First, the breast tissue is regarded as a homogeneous mixture of four absorbing media, namely, water, fat, deoxyhemoglobin, and oxyhemoglobin. Second, the constituents of water and fat together amount to 100% by volume. Third, the volumetric constituents of Hb and HbO 2 are neglected (only 2.3 mmol per liter of blood). Finally, the absolute values and the wavelength dependence of the required absorption coefficients of these constituents were obtained from the literature 32 or were measured by the authors (Figure 7) . The reduced scattering coefficients of the breast tissue in vivo were obtained by extrapolating the results of our time-resolved measurements in vivo and in vitro (Figure 8) .
In an exclusively absorbing medium with an absorption coefficient a and thickness d, the attenuation of a beam of light having an initial intensity I 0 can be described by the Beer-Lambert law: 6 In vivo spectra and the respective fits (see Table 3 for values) of three persons of different ages at the same measurement site. Fig. 7 Absorption coefficients of deoxy-and oxyhemoglobin, 32 water, and fat (vegetable oil).
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IϭI 0 ϫexp͑Ϫ a ϫd ͒.
(2)
The total absorption a can then be calculated as a sum of the specific absorption coefficients ␣ i (absorber i) multiplied by their respective concentrations c i : a ϭc water ␣ water ϩc fat ␣ fat ϩc Hb ␣ Hb ϩc HbO ␣ HbO .
However, this simple law will no longer apply if multiple scattering also occurs, because the path of the individual photons is unknown. Patterson et al. 12 have shown that with the assumption of a plane-parallel geometry, the diffusion equation can be used to calculate a mean path length L of the photons:
In order to take the multiple scattering into account, we replaced the thickness d in the BeerLambert law [Eq. (2)], by the mean path length L(). The transmitted intensity may then be represented by:
To fit the absolute values of the transmittance for all spectra, another two wavelength-independent correction factors were introduced: x 1 takes into account multiply scattered but not absorbed photons, which do not arrive at the detector and the measurement geometry, while x 2 compensates for measurement errors of the thickness d and inaccuracies in the reduced scattering coefficient. By varying the concentrations of the four tissue components, the measurement spectra could be fitted well by the semiempirical formula (5). The correlation coefficients were better than 0.99 in all cases.
WAVELENGTH DEPENDENCY OF OPTICAL PARAMETERS OF BREAST TISSUE
The prime absorbers, namely blood, water, and fat, determine a diagnostic window for thick biological tissue in vivo: the limit for shorter wavelengths is approximately 600 nm (blood); that for longer wavelengths is approximately 1.4 m (water). Because of our detector system (Si photodiode), the measurement range in the long-wavelength region is further limited to about 1.1 m. Figure 7 shows the specific absorption coefficients of the two blood pigments deoxy-and oxyhemoglobin (Hb and HbO) between 650 and 1000 nm, as taken from the literature. 33 Within this wavelength range, the absorption maximum of Hb (760 nm) is significant. The features of Hb and HbO below these wavelengths (not shown, cf. Horecker 32 ) are not relevant for in vivo applications to thick tissues. At the isosbestic point (805 nm), the absorption coefficients of Hb and HbO are equal. In addition, we calculated the corresponding absorption coefficients from the measured transmission characteristics of water and fat (vegetable oil). The main absorption feature of water is the OuH resonance at 975 nm. Weaker overtones of this resonance can be observed at 840 and at about 755 nm. The signal of fat (or the oil signal shown here) differs from water primarily in the infrared region. The main CuH resonance is located at 930 nm, while some weaker signals can be observed at 760 and 830 nm. 34 Thus the absorption coefficients in particular provide only a global reference point for the total absorption of the heterogeneous tissue body and are therefore not useful for the model described above.
The reduced scattering coefficients used are based on our in vivo and in vitro measurements, 1, 3 and on in vivo data published by other authors, 14, 15 Figure 8. However, these data do not allow us to distinguish meaningfully between different types of tissue (water-or fat-containing tissues). The (weak) wavelength dependence of the reduced scattering coefficients shown in Figure 8 describes reality in qualitative terms, and suffices for our purposes.
SPECTRA OF FEMALE BREASTS IN VIVO
The aim of these measurements was to gain comprehensive spectral information on the absorption characteristics of the female breast in vivo. About 100 volunteers of different ages were examined in a clinical environment. The investigation concentrated on taking measurements at various sites on the same breast as well as on comparative readings at equivalent sites on both breasts. Differences in tissue composition (age, measurement points, etc.) result in a change of the absorption and scattering coefficients and consequently in a modified spectrum. The analytical model described in Sec. 3.2, which yields the concentrations of water, fat, Hb and HbO as fit parameters, is needed to quantify these changes.
Physiological Alterations
The changes occurring in the female breast with increasing age are characterized by an involution of the glandular body and an expansion of the fatty tissue. The water and hemoglobin concentrations calculated from the spectra using our model match this physiological fact. Table 2 shows the fit parameter of the spectra of six volunteers at the same measurement site but of different ages. The respective fits of three transmission spectra are shown in Figure 6 . High water and hemoglobin concentrations are typical of the younger volunteers (S1, S2, S3), whose breasts have a glandular body that is bigger, contains more water, and is better perfused with blood. Higher fat content is correlated with a lower metabolic rate and hence with a lower oxygen consumption. The older women (S4, S5, S6) with breasts consisting mostly of fatty tissue consequently show lower water and blood contents and a higher tissue oxygenation (HbO/(HbO+Hb)). 5 The water content of breasts of younger and older persons determined according to our model is directly compared in Figure 9 . Each of the two groups of patients examined consisted of more than 20 persons. Those in the first group were aged between 30 and 45 years, and those in the second between 55 and 80 years. The water content of the breast tissue varied between 5 and 75%, its relative distribution being determined in steps of 10% (5 to 15%, 16 to 25%, etc.). The distribution shows significant differences in the two age groups. A relatively low water content (Ͻ35%) was seen with significantly higher frequency in older breast tissue than in younger tissue. The highest value that we found in the former was below 45%, whereas the latter reached a water content of 75%. The water-content distribution function for younger breast tissue is generally flat and covers the entire range between 5 and 75%.
In order to characterize local variations in water, fat, oxy-and deoxyhemoglobin concentrations, the spectra of eight volunteers were recorded at three different sites on a woman's breast. The spectra of the lateral, anteromedial, and medial sites were fitted as described above (Figure 10 ; only two curves are shown), while the fit parameters (concentration of water and hemoglobin) are shown in Figures 11  and 12 . The increase in the water and hemoglobin 10 Two selected in vivo spectra of the female breast at different sites from the same volunteer. The spectra of all three sites were fitted analytically (Table 2) . concentration toward the anteromedial and lateral side has a plausible physiological explanation. The glandular body, which is situated at the lateral side of the breast and extends to the nipple, has a higher water content and blood perfusion than the surrounding fatty tissue. The medial side of the breast has a higher fat content, which seems to be correlated with a higher blood oxygenation (fit parameter not shown).
Malignant and Benign Breast Lesions
In the clinical part of our project, in vivo spectra were measured for several persons suffering from breast cancer and benign breast lesions (mainly mastopathies). A prior diagnostic finding (from palpation, mammography, breast ultrasonography or magnetic resonance imaging) was available in all cases, allowing the lesion to be localized and transilluminated at a fixed site with a high degree of accuracy. Patients were subjected to two measurements: one of the pathological breast and at least one control measurement at an equivalent point on the healthy breast. The breast tissue of patients undergoing biopsy and mastectomy was subjected to histological classification. This procedure allowed the selection of in vivo spectra that had been measured preoperatively in a cancerous breast. A measurement was always also performed at the mirror position in the healthy breast, which was compressed to the same thickness. This mirror spectrum was used as a direct reference for the spectrum of the carcinoma. The following observations were typical ( Figure  13 ): first, most carcinoma curves exhibit a lower transmittance than the reference curve (for the same breast thickness). The fits show in an exemplary way that this is generally due to an increased perfusion (higher Hb/HbO values of the carcinoma curve). Second, the different curve profile in the wavelength region between about 900 and 1000 nm is striking. This is clearly due to an altered water and fat content compared with that of the healthy breast. In Figure 14 we summarize these results by splotting the difference in water concentration between the healthy and diseased breast versus the respective difference in blood volume. Each pixel represents an individual patient. If a higher water and blood content (sum of Hb and HbO concentration) is present at the lesion site, a measuring symbol will appear in the lower right quadrant. Mastopathies are represented by crosses, carcinomas by filled squares. The majority of mastopathies and carcinomas show a higher water concentration and 13 In vivo spectra and respective fits of a breast cancer patient. The reference spectrum represents a measurement at the mirror position of the healthy breast. a higher blood volume at the lesion site (upper right quadrant). Only very few lesions have a lower water and blood concentration (lower left quadrant). Additional information could be obtained by calculating the degree of blood oxygenation from the concentrations of oxy-and deoxyhemoglobin.
A comparison of healthy and cancerous sites yields a slightly lower degree of oxygenation for the tumor. Note that the fit parameters are based on the very simplified assumption of our semiempirical model as mentioned in Sec. 3.2. This means that the local change of water and blood concentration at the lesion is underestimated by our assumption of a homogeneous mixture of constituents, which leads to an integral volume sampling procedure. Considering this restriction, it is astonishing that a high sensitivity in the detection of lesions by measuring water concentration, blood volume, and blood oxygenation seems to be within reach. Unfortunately, however, the specificity is worse because it is not possible to discriminate between benign mastopathies and malignant carcinomas by means of water content, blood volume, and oxygenation.
SUMMARY
The optical parameters of the female breast were determined by time-resolved in vivo experiments at a wavelength of ϭ800 nm. 14 The advantage of time-resolved measurements is that they allow direct detection of the extremely weak absorption of highly scattering media. The procedure is sensitive enough to detect variations in tissue composition, as demonstrated by measurements on different positions of the breast.
Furthermore, female breasts were characterized by spectroscopic measurements in the wavelength range between 650 and 1000 nm. All the experimental spectra can be sufficiently fitted by an analytical model. Physiological, age-related tissue changes in the breast and local variations in composition can be verified quantitatively. Moreover, a changed metabolic rate (higher perfusion, reduced oxygenation) can also be identified. Lesions in the breast can be detected by identifying the relative water (and fat), Hb, and HbO contents of the pathological tissue. Since benign lesions (mastopathies) show spectroscopic features similar to carcinomas, it will be difficult to discriminate between them. However, the implementation of ''specific'' wavelengths such as 930 and 980 nm in NIR imaging systems would improve the sensitivity and probably also the specificity of this technique. It is currently still uncertain whether this suggestion would enable a distinction to be made between malignant and benign lesions. 
